Parkinson's disease (PD) affects patients beyond the motor domain. According to previous evidence, one mechanism that may be impaired in the disease is face processing. However, few studies have investigated this process at the neural level in PD. Moreover, research using dynamic facial displays rather than static pictures is scarce, but highly warranted due to the higher ecological validity of dynamic stimuli. In the present study we aimed to investigate how PD patients process emotional and non-emotional dynamic face stimuli at the neural level using event-related potentials. Since the literature has revealed a predominantly right-lateralized network for dynamic face processing, we divided the group into patients with left (LPD) and right (RPD) motor symptom onset (right versus left cerebral hemisphere predominantly affected, respectively). Participants watched short video clips of happy, angry, and neutral expressions and engaged in a shallow gender decision task in order to avoid confounds of task difficulty in the data. In line with our expectations, the LPD group showed significant face processing deficits compared to controls. While there were no group differences in early, sensory-driven processing (fronto-central N1 and posterior P1), the vertex positive potential, which is considered the fronto-central counterpart of the face-specific posterior N170 component, had a reduced amplitude and delayed latency in the LPD group. This may indicate disturbances of structural face processing in LPD. Furthermore, the effect was independent of the emotional content of the videos. In contrast, static facial identity recognition performance in LPD was not significantly different from controls, and comprehensive testing of cognitive functions did not reveal any deficits in this group. We therefore conclude that PD, and more specifically the predominant right-hemispheric affection in left-onset PD, is associated with impaired processing of dynamic facial expressions, which could be one of the mechanisms behind the often reported problems of PD patients in their social lives.
disease onset
Introduction
Parkinson's disease (PD) is more than a mere movement disorder. There is a plethora of work describing non-motor symptoms in PD, for example, impaired executive functions or depression (for review see Kehagia et al., 2010) . It is also frequently reported that PD is associated with problems in the social domain, for example in face processing.
Previous studies have yielded evidence of impaired face processing in PD. Facial emotion recognition performance in PD patients is often lower than in matched healthy controls (e.g., Alonso-Recio et al., 2014; Ariatti et al., 2008; Clark et al., 2008 Clark et al., , 2010 Sprengelmeyer et al., 2003; Suzuki et al., 2006 ; see also the meta-analysis by Gray & Tickle-Degnen, 2010) . At the neural level, facial emotion discrimination may be altered in PD (Wieser et al., 2012) . However, the evidence on facial emotion recognition in PD is still inconclusive, since several studies have failed to reveal deficits in PD (Pell & Leonard, 2005; Wieser et al., 2012 ; see also Peron et al., 2012 , for a comprehensive review). Other lines of evidence report deficits in the recognition of facial identity in PD (Cousins et al., 2000 , Dewick et al., 1991 Haeske-Dewick et al., 1996) , in memory for faces (Kida et al., 2007) , or in lip-reading from faces (Dewick et al., 1991; Haeske-Dewick et al., 1996) . So far, it is not clear which mechanisms may contribute to face processing deficits in PD. According to a study by Narme et al. (2011) , PD patients are impaired at detecting changes of facial configurations (i.e., manipulations in the distance between facial features). Moreover, performance in this detection task significantly correlated with facial emotion recognition performance. Along similar lines, Marneweck and Hammond (2014) reported a significant correlation of visual form perception and emotional expression recognition in PD. Lotze et al. (2009) presented PD patients with video clips of neutral and emotional gestures, in which facial information was also visible. In fMRI, the authors observed diminished activations in several brain areas in PD, most notably in the visual motion area (V5), the fusiform gyrus, and the right superior temporal sulcus. Moreover, these reduced activations were also observed for neutral videos, suggesting that emotion-independent encoding of this kind of material might be impaired in PD. Thus, mounting evidence indicates that rather basic, emotionindependent processing of visual social information could be altered in PD, which could in turn also influence facial emotion processing (Beatty et al., 1989; Lotze et al., 2009; Marneweck & Hammond, 2014; Narme et al., 2011) . Considering the neural bases of face processing may help elucidate how the disease could affect its underlying mechanisms.
One important characteristic of the human brain is hemispheric specialization, meaning that the right and left sides of the brain are, to a certain extent, functionally distinct. Studies on the neural underpinnings of face processing have revealed a wide-spread face processing network across the brain, in which the right hemisphere plays a relatively greater role than the left (Cattaneo et al., 2014; Kanwisher & Yovel, 2006 ). This has not only been shown for static, but also for dynamic facial displays (Thompson et al., 2007; Wheaton et al., 2004) .
The functional significance of the right hemisphere in face processing also becomes evident when looking at studies with lesion patients. Patients with right-hemispheric lesions rated the emotion expressed in videos of fearful faces as less intense than a group of healthy participants, while the lefthemispheric lesion group did not differ from controls (Labudda et al., 2014) . Right-hemisphere lesions can also reduce performance in recognition tests for unfamiliar faces, recognition of familiar faces, or facial age attribution, while left-hemisphere lesions may lead to difficulty retrieving names of familiar faces (Carlesimo & Caltagirone, 1995) . In PD, it is possible to distinguish between two subgroups with relatively greater neural degeneration in one hemisphere than the other. This is due to the unilateral onset of motor symptoms, and even though in the more advanced stages of the disease motor symptoms spread to the other side as well, the initially affected side remains the dominantly affected one in most cases. Conversely, neurodegeneration is stronger in the cerebral hemisphere contralateral to the more affected body side (Lee et al., 2015; Nahmias et al., 1985; Tatsch et al., 1997) . Therefore, a distinction between PD patients with left-dominant motor symptoms (LPD) and those with right-dominant symptoms (RPD) could be useful to assess whether the relatively greater significance of the right hemisphere in face processing is reflected in impairments specifically in the LPD group.
While in most studies PD patients are not divided into subgroups according to motor symptom asymmetry, some previous work indicates that such division is indeed very useful, since LPD and RPD patients show distinct profiles of impairments. In visual global-local tasks LPD patients are more likely than RPD patients to show impairments at the global level rather than local, while in RPD it is vice versa (Schendan et al., 2009 ). This finding could also have implications for face processing, which is considered to rely on rather global, holistic processing (Kanwisher & Yovel, 2006) . In line with the proposal to consider PD a disconnection syndrome, in which the less affected hemisphere gains dominance over the more degenerated one (Cronin-Golomb, 2010) , the bigger picture in the literature suggests that visuospatial deficits are a prominent phenomenon in LPD (Amick et al., 2006; Karádi et al., 2015; Laudate et al., 2013 , Lee et al., 2015 Tomer et al., 1993) , while in RPD there is a tendency to be impaired in verbal tasks (Amick et al., 2006; Starkstein et al., 1987) . Facial emotion recognition experiments have yielded equivocal results: LPD patients showed deficits in recognizing sad faces in one study (Ariatti et al., 2008) , while anger recognition was compromised in two other studies (Clark et al., 2008 (Clark et al., , 2010 . The same unclear pattern applies in RPD, with one study reporting impaired fear recognition (Ariatti et al., 2008) and others deficits in surprise (Clark et al., 2008 (Clark et al., , 2010 . Three more studies do not report any asymmetry effects (Blonder et al., 1989; St. Clair et al., 1998; Ventura et al., 2012) and also failed to find facial emotion recognition impairments in PD. Thus, while the association between LPD and visuospatial impairments is relatively well established (Verreyt et al., 2011, for review) , no clear picture has emerged to date with respect to emotional face processing and its relation to motor asymmetries in PD. It seems, however, plausible that the importance of the right hemisphere in face processing and the vulnerability of LPD patients to visuospatial deficits render this subgroup more likely than RPD to show face processing deficits, the origins of which could also lie in more generalized mechanisms of face processing rather than in emotion decoding per se.
Only few studies on emotional face processing have used dynamic facial expressions, whereas in daily life we normally encounter dynamic rather than static faces. Utilizing dynamic rather than static stimuli has been advocated particularly for patient studies, because these stimuli are more ecologically valid than photographs or drawings of faces (Garrido-Vásquez et al., 2011) . Dynamic face stimuli lead to more wide-spread neural activation patterns, most notably in temporal regions linked to processing socially relevant stimuli (Sato et al., 2004; Trautmann et al., 2009) . They also go along with enhanced behavioral emotion recognition rates (Ambadar et al., 2005; Bould and Morris, 2008) . Importantly, this pattern may apply to PD patients as well (Kan et al., 2002, but see Paulmann and Pell, 2010) , and therefore more investigation using dynamic face stimuli in PD is warranted. The previously mentioned PD study by Lotze et al. (2009) used videos of emotional gestures, and thus dynamic visual stimuli.
Even though the focus of that study was on emotional and non-emotional gestures, facial expressions were simultaneously visible in the videos. Interestingly, all but one PD patient in the study had lower dopamine transporter availability in the right rather than the left basal ganglia (and the right-left difference was statistically significant), which would correspond to LPD. Therefore, the study indirectly relates LPD to impaired processing of dynamic, socially relevant visual material, which also includes emotionally neutral expressions. Thus, more research into the mechanisms of processing socially relevant, dynamic visual stimuli in PD is needed, and a division of the patient sample into LPD and RPD seems useful based on previous evidence.
Regarding the neural encoding of faces measured with ERPs, two characteristic components can be observed during the first 200 ms of face processing. These have been described as dipolar complexes due to opposing polarities at fronto-central compared to posterior electrode sites (Luo et al., 2010; Rossion et al, 1999) : the first component peaking approximately 100 ms after stimulus onset is of positive polarity at posterior electrodes and negative at fronto-central sites (termed P1 and N1, respectively). It is assumed that coarse analysis of low-level stimulus features takes place at this stage (Luo et al., 2010) . This dipolar N1/P1 complex is followed by another dipolar complex characteristic to face processing: the posterior N170 and the simultaneous vertex positive potential (VPP) at frontocentral electrodes, with peak latencies between 140 and 180 ms after stimulus onset (Joyce and Rossion, 2005) . During this processing step, structural processing of a face takes place, and the brain distinguishes between faces and other visual objects (Bentin et al., 1996) . VPP and N170 very likely reflect the same brain process, and their amplitudes vary depending on which reference is applied to the EEG data (Joyce and Rossion, 2005; Rellecke et al., 2013) . Even though these components have been associated with structural face processing, their amplitudes may be modulated by facial expression as well (Hinijosa et al., 2015) .
To the best of our knowledge, only two studies so far have reported ERP data on emotional faces in PD.
One study focused on neural generators of ERPs and reported diminished amygdala responses underlying the N1 to fearful faces in PD (Yoshimura et al., 2005) . Another study, which focused on posterior electrodes, did not reveal any P1 or N170 alterations in PD, but emotion discrimination at later stages was impaired (Wieser et al., 2012) . However, none of these studies used dynamic facial expressions and none differentiated between LPD and RPD. A recent EEG study reported reduced interhemispheric coherence during dynamic audio-visual emotion processing in PD (Yuvaraj et al., 2014) , which is in line with the description of PD as a disconnection syndrome (Cronin-Golomb, 2010 ).
In most facial emotion recognition tasks, a verbal label has to be assigned to a facial expression. This is also referred to as explicit emotion processing (Paulmann et al., 2008) or high-level appraisal processing (Bach et al., 2008) in the literature. On the other hand, there is implicit or low-level appraisal processing, which can be induced with more shallow tasks such as gender decisions. There are some differences between the two task types: Firstly, it has been argued that implicit tasks are closer to natural processing environments than explicit ones (Paulmann et al., 2008) , since we normally analyze emotional signals from our conversation partners in an implicit way. Secondly, evidence suggests that especially explicit tasks may involve the basal ganglia (Paulmann et al., 2008) , which would also render PD patients to be more susceptible to show impairments in these tasks. Thirdly, the relation between explicit tasks and cognitive impairments must be considered. Not only are cognitive impairments a common symptom in PD (Kehagia et al., 2010) , but also some direct relations between cognitive status and performance in explicit emotion tasks have been shown in PD (Pell & Leonard, 2003) . Therefore, we decided to employ an implicit, shallow task in order to avoid these potential confounds in the ERP data. Moreover, the face-sensitive N170 component is more pronounced in implicit rather than explicit tasks, according to meta-analytic evidence (Hinojosa et al., 2015) .
To sum up, the present study aimed to investigate the time course of dynamic emotional face processing in LPD and RPD compared to a group of matched healthy controls. Basic underlying questions to this study were whether LPD or RPD patients, or both, show alterations during the first 200 ms of face processing, during which the two previously described dipolar complexes are observed in the ERP (i.e., fronto-central N1/posterior P1 and fronto-central VPP/ posterior N170), and if yes, whether these alterations are modulated by emotion or not. To shed light on these issues we conducted an ERP study, in which we presented participants with emotional (happy and angry) and neutral dynamic facial expressions. To avoid contamination of the ERPs by explicit emotion recognition tasks, which may be cognitively demanding for PD patients and additionally tap executive functions (Pell and Leonard, 2003) , we decided to use a shallow and very easy gender decision task, only to ensure that participants were attending to the stimuli. In light of previous evidence we hypothesized that the LPD group would be more likely than the RPD group to show alterations in face processing. Based on previous reports of early neural emotion discrimination deficits in LPD in the auditory domain (Garrido-Vásquez et al., 2013) and possible impairments of basic face processing mechanisms in that group, we further predicted that emotion-related deficits would also be more likely in LPD than RPD.
Methods

Participants
Twenty-four individuals diagnosed with idiopathic PD and 12 age-and education-matched healthy controls participated in the present study. Twelve patients had a left-sided disease onset and also reported motor symptoms predominantly on the left side of the body at the time of testing (named LPD throughout); the other half displayed a right onset and a current rightward asymmetry of motor symptoms (named RPD throughout). Two RPD patients were excluded from the sample. In one case, this was due to an unstable motor symptom lateralization pattern, with medical records showing rightsided disease onset, but stronger left-sided motor symptoms at the time of testing. The other right-onset patient was withdrawn from the sample because of an exceptionally low performance (13 out of 27 points, close to the chance level of 11.5 points) in the Benton Facial Recognition Test (Benton et al., 1983) . Latter test was used to screen for basic facial recognition abilities, with all remaining participants scoring 16 points and higher. (We are aware that the score of 16 points, which was achieved by one RPD patient, would be classified as an impaired score. However, withdrawing this specific patient from the RPD group did not significantly alter the data and was therefore not done due to power considerations.)
Informed consent was obtained from all participants prior to testing, and the study was approved by the Ethics Committee at the University of Leipzig. All study-related procedures were in accordance with the Declaration of Helsinki. Participants were paid for their participation.
All study participants had normal or corrected-to-normal visual acuity according to self-report and all were right-handed as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) . None of the participants reported any history of psychiatric or neurological disorders (except PD in patients), and none were taking any psychotropic medication. All participants scored in the non-clinical range of the Beck Depression Inventory (BDI; Beck et al., 1961) , with a maximum score of 18 points. The MiniMental Status Examination (MMSE; Folstein et al., 1975) was used as a screening tool for dementia, with all participants scoring in the normal range of 26 points or higher out of a maximum of 30. Since PD may sometimes lead to mild hemispatial neglect (Lee et al., 2001) , two screening procedures targeting neglect symptoms were also applied. These were Albert's Line Cancellation Test (Albert, 1973 ) and a clock-drawing test. None of the participants experienced any problems in these two tasks.
All PD patients were evaluated with the Unified Parkinson's Disease Rating Scale (UPDRS; Fahn and Elton, 1978) by an experienced neurologist, who also determined disease severity according to Hoehn and Yahr stages (Hoehn and Yahr, 1967) . All were on anti-Parkinsonian medication during the measurements. Seven LPD patients and five RPD patients were taking levodopa, while the remaining ten patients were medicated with dopamine agonists and MAO B inhibitors only. The daily levodopaequivalent dose was calculated according to the formula previously used by MacDonald et al. (2011) .
The upper part of Table 1 provides information on demographic and disease-specific variables in the three groups. Please note that the wide range of disease duration in the LPD group (2 -17 years) is due to one single patient with very long disease duration. Without this patient, maximum disease duration in the LPD group is 8 years. Excluding this specific patient from the LPD group did not alter the pattern of ERP results and was therefore not considered necessary.
Neuropsychological tests
Before the actual experiment, all participants were invited to a neuropsychological testing session. In addition to the tests mentioned in the participants section, we assessed working memory and executive functions. Working memory was tested using the forward and backward digit span (Wechsler, 1997 ), a letter counting task (a mixed sequence of numbers and letters is presented and the number of letters in each sequence has to be reported), and a rearranging task (a mixed sequence of numbers and letters is presented and their order has to be changed). The letter counting and rearranging tasks are described in more detail elsewhere (Pagonabarraga et al., 2008) . Furthermore, an in-house listening span task was used (auditory version of the reading span by Daneman and Carpenter, 1980 , translated into German).
To get an estimate of executive functions, we applied parts A and B of the Trail-Making Test (Reitan, 1992) and three word fluency measures, each assessed during one minute (1: phonemic fluencygenerate as many words as possible starting with the letter "T"; 2: alternating phonemic-semantic fluency: alternate between words starting with the letter "S" and names of countries starting with any letter; 3: action verb fluency: generate as many action verbs as possible).
Stimuli and procedures
Black-and-white video stimuli of facial expressions were used. The videos were recorded from four semi-professional actors (two female), who produced emotional sentences in a happy, an angry, and a neutral tone of voice while showing the corresponding facial expressions. The audio track was removed from the videos and fragments of 520 ms duration were cut out from the original videos. To avoid different emotion recognition points in the video fragments, these were cut out from the middle of the original videos, in which the full-blown facial expressions were visible. Additionally, the first author checked manually that in each video fragment the intended emotion could already be recognized in the first video frame. The actor's gaze was directed toward the observer in all videos, and mouth movements were visible. Videos were cropped and/or centered when necessary to ensure that the faces appeared in the middle of the screen and were of comparable size across all videos. This was adjusted and measured using a still picture of each video's first frame. As the actors did not perform major head movements during the recordings, head position remained approximately constant during the course of a video. Image resolution was 720 x 576 pixels. The MPEG-4 codec was used to allow for optimized video timing. Twenty-five frames per second were presented. We used Presentation software (Neurobehavioral Systems, San Francisco, USA) for experimental control.
Video stimuli were first rated by a sample of 28 healthy participants, who did not participate in the present study. Three of them had to be excluded due to low performance (more than two standard deviations below the group mean for at least one emotional category). The remaining 25 participants (12 female) had a mean age of 25.48 years (SD = 2.63 years) and reported normal or corrected-tonormal visual acuity. For each of the four actors, 120 trials (40 per emotional category) were presented, adding up to 480 trials. Each video fragment had to be categorized as happy, angry, neutral, or unclear/other within four seconds after its offset. The percent-correct rates from this study were used to create rank lists for each speaker and emotion category. The 12 most easily recognized stimuli for each of the four actors and three emotion categories, respectively, were then selected for the present study (144 stimuli in total). Mean recognition rates for the videos used in the present study were: anger 99%, happiness 97%, and neutral 82%.
The EEG experiment was conducted in an electrically shielded, sound-attenuated and dimly lit room with participants sitting at a viewing distance of about 100 cm from the computer screen. The videos were presented centrally, with faces subtending a visual angle of approximately three degrees to each side. Participants were instructed to indicate the actor's gender by means of a button press. Half of the participants pressed the left button for "female" and the right button for "male", while the other half proceeded vice versa.
The course of one experimental trial is depicted in Figure 1 . Trials started with a black fixation cross on a grey background matched to the mean luminance of the video stimuli. Fixation lasted for one second and was followed by the video presentation for 520 ms. Immediately after the end of the video, the fixation cross was presented again and an auditory pseudo-speech stimulus in happy or angry intonation, produced by the same actor previously depicted in the video, was transmitted via loudspeakers. These utterances had a mean length of 2.5 seconds and were presented to investigate priming effects of emotionally congruent or incongruent facial expressions on the processing of auditory speech intonation (data not reported here). Then, the fixation cross changed into a question mark prompting a participant's gender decision response. Response time was limited to a maximum of four seconds. After the button press, or after four seconds had timed out in the event of no response being registered, a blank screen was presented for two seconds before the next trial started. The experiment consisted of a total of 144 trials, which were presented in a pseudo-randomized order that differed for each participant. A break was included after every 48 trials.
------ Figure 1 about here--------- 
EEG recording and data analysis
The EEG was recorded from 27 Ag/AgCl scalp electrodes mounted in an elastic cap and included the following locations according to the extended 10-20 system: FP1, FP2, F7, F3, FZ, F4, F8, FT7, FC3, FC4, FT8, T7, C3, CZ, C4, T8, CP5, CP6, P7, PO7, P3, PZ, P4, P8, PO8, O1, and O2. Acquisition was carried out with a bandpass between DC and 250 Hz at a sampling rate of 500 Hz. The ground electrode was placed on the sternum. Four additional electrodes were placed on bilateral outer canthi and above and below the right eye to record eye movements. Electrode resistance was kept below five kΩ. An average reference was used during the measurement, and electrodes were re-referenced to the average of left and right mastoids offline. A bandpass filter was applied to the data offline (0.2 -30 Hz, 4363 points, Hamming window). We used an ocular correction procedure (Pfeifer et al., 1995) To check for more generalized group differences beyond face processing, we also analyzed auditory N100 and P200 for the happy and angry pseudo-speech sentences presented after each face stimulus.
Time windows were defined from 90 to 150 (N100) and 180 to 280 (P200) ms after stimulus onset by means of visual data inspection. EEG data processing was identical to the procedure described above, and the first 100 ms of the auditory stimulus served as in-stimulus baseline. A 2 (emotion) x 5 (region) x 3 (group) ANOVA was calculated on auditory ERPs.
Only significant results (p < .05) are reported in the results unless otherwise stated. GreenhouseGeisser corrected p-values were used where necessary. Only correctly responded to and artifact-free trials were used for analysis (24% of the trials were excluded on average). An emotion x group ANOVA with the number of trials as a dependent variable indicated no significant group differences as to how many trials were included into the ERP analysis (ps > .58). As expected, behavioral performance was at ceiling in all groups (>98% correct), confirming that the task was in fact very easy. Moreover, responses were given at a fixed point in time. Therefore, behavioral data were not further analyzed.
Statistical calculations were carried out with SAS software (SAS Institute, Cary, USA). Table 1 shows a comparative overview of demographic and disease-specific variables as well as test scores in the three groups. As can be seen, the groups did not significantly differ with respect to demographic variables, and the two patient groups were not significantly different regarding the disease-specific measures of disease duration, the total UPDRS motor score, the daily levodopaequivalent dose, or the Hoehn and Yahr stage. An expected significant group difference emerged for both left and right motor scores.
Demographic variables, disease-specific variables, and test scores
------ Table 1 Table 1 ).
Event-related potentials in response to dynamic facial expressions
Event-related potentials at the six fronto-central and the four posterior electrodes used for data analysis are displayed graphically in Figure 2 .
------Figure 2 about here---------
Fronto-central N1 and posterior P1
Analysis of the N1 component at fronto-central electrodes and of the P1 component at posterior sites yielded only one significant effect, the region x group interaction in the P1, F(2,31) = 3.37, p = .047, η p 2 = .179. Further analysis of this finding revealed a significant main effect of region in the RPD group, F(1,9) = 10.57, p = .01, η p 2 = .540, manifested in a larger P1 amplitude at right posterior compared to left posterior electrodes. In the LPD and HC groups no significant main effect of region emerged (ps > .1).
Fronto-central VPP and posterior N170
In the VPP, there was a significant main effect of group, F(2,31) = 7.89, p = .002, η p 2 = .337. According to the post-hoc Tukey test, the LPD group's VPP amplitude (M = 4.92 μV, SD = 2.94) was significantly smaller than that of controls (M = 11.08 μV, SD = 4.86) at an alpha level of p = .002. In the RPD group, VPP amplitude (M = 8.69 μV, SD = 3.62) was also lower than in controls and higher than in LPD.
Regarding the statistical difference between RPD and LPD, there was a trend towards significance (p = .071), while controls and RPD did not differ (p > .3). There was a group-independent main effect of region, F(2,62) = 27.12, p < .0001, η p 2 = .467. VPP amplitudes were higher at the right than at the left fronto-central region, F(1,31) = 9.77, p = .004, η p 2 = .228. VPP amplitude at midline electrodes was also higher than on the left, F(1,31) = 48.58, p < .0001, , η p 2 = .595.
In addition to amplitude differences, visual inspection of the VPP indicated latency variation between the three groups. Therefore, VPP peak latency was calculated for all participants. It was quantified as the highest positive peak in a time window from 120 to 240 milliseconds after stimulus onset, and it was extracted separately from each of the the six fronto-central electrodes for each participant and condition. The ANOVA on VPP peak latency revealed a significant main effect of group, F(2,31) = 5.15, p = .012, η p 2 = .250. Mean VPP latency was 152 ms (SD = 11) in controls, 163 ms (SD = 12) in RPD patients, and 172 ms (SD = 21) in LPD patients. According to the post-hoc Tukey test comparing the three groups, the difference between controls and LPD patients was significant at an alpha level of p < .009, while the LPD and RPD groups (p > .2), as well as RPDs and controls (p > .3) did not differ.
Concerning the N170, the counterpart of the VPP at posterior electrodes, no significant main effects of group or interactions with this factor were observed (ps > .1). There was a significant emotion x region interaction F(2,62) = 4.13, p = .021. However, follow-up analyses of this effect did not yield any significant results (ps > .3). Due to the group differences in VPP latency, the N170 component was also analyzed for latency differences between the groups. Mean peak latency of the N170 was 141 ms (SD = 17) in controls, 145 ms (SD = 15) in the LPD group, and 148 ms (SD = 14) in the RPD group. The ANOVA on N170 latencies did not yield any significant results involving the group factor (ps > .1).
To sum up, significant group differences were found in the VPP component. The LPD group exhibited both lower VPP amplitudes and delayed VPP latencies compared to controls, and they showed a trend towards lower VPP amplitudes than the RDP group. Since there were no significant interactions with the factor emotion, the alterations in the LPD group seem to be emotion-independent. The RPD group did not significantly differ from controls in the VPP. However, this group showed lower P1 amplitudes at left compared to right electrode sites, in line with the relatively greater left-hemispheric neural degeneration in this group.
Relation of VPP results to disease-specific variables and test scores
Spearman correlations were computed on the collapsed sample of patients to test for possible relations between VPP amplitude or latency and the disease-specific variables of disease duration, total motor 
Event-related potentials in response to emotionally intoned pseudo-speech
To ensure that the group differences we observed in dynamic face processing were not due to more generalized alterations of neural functioning or processing difficulties for dynamic social stimuli, we analyzed the ERPs elicited by the vocal emotional stimuli, which followed face presentation. No significant main effects of group or interactions with this factor were found in the auditory N100 or P200 (ps > .13). For a graphical display of these data, please refer to Figure 3 .
------ Figure 3 about here---------
Discussion
In the present study we aimed to investigate the time course of dynamic emotional face processing in PD at the neural level, using the high temporal resolution of ERPs. Furthermore, we took into account the heterogeneity among patients in terms of motor symptom asymmetry. We observed that LPD patients, whose right hemisphere is predominantly affected by neural degeneration, exhibited impairments during the first 200 ms of face processing. This was reflected in a temporally delayed VPP and a diminished VPP amplitude, while alterations at an earlier processing stage (N1/P1) were not observed in LPD. VPP alterations turned out to be independent of emotion and thus seem to represent a generalized face encoding problem in LPD patients, irrespective of the emotion expressed. Moreover, a dissociation between ERPs and behavioral measures was revealed, because LPD patients were not impaired in the Benton Facial Recognition Test. Furthermore, the reported alterations are unlikely to be explained by cognitive deficits in LPD, because this group was not significantly different from controls in any of the acquired cognitive measures. There were also no significant group effects in the auditory ERPs, which discourages alternative explanations such as general cognitive slowing or more unspecific problems in processing dynamic social information in LPD. Furthermore, due to the very easy and shallow task we used, confounds in the ERP data due to task difficulty are very unlikely. Dynamic face processing deficits in LPD would be of high relevance, considering the impact these may have in everyday life.
The finding of impaired face processing in the LPD group is in line with the literature linking face processing predominantly to the right hemisphere (Cattaneo et al., 2014; Kanwisher and Yovel, 2006) , which also holds true for dynamic facial expressions (Thompson et al., 2007; Wheaton et al., 2004) , and with the localization of the neural generators underlying the VPP or N/M170 components (Luo et al., 2010; Rossion et al., 2003; Gao et al., 2013) . Moreover, lesion studies have shown that right-but not left-hemispheric lesions go along with impaired face processing (Carlesimo & Caltagirone, 1995; Labudda et al., 2014) . Thus, the present findings in a patient group with right-hemispheric degeneration (LPD) add up to this evidence and outline once more the important role of the right hemisphere already at the initial stages of face processing. Furthermore, the correlation between motor symptom asymmetry and VPP amplitude, even though only at trend level after Bonferroni correction, strengthens the link between lateralization of motor symptoms to the left side of the body and face processing impairments.
The role of the right superior temporal sulcus (STS) may be important to consider in the present study, because it is thought of as a key region for coding biological motion (Grossman and Blake, 2002) , and tends to be more activated by dynamic facial expressions than by dynamic yet non-social stimuli (Wheaton et al., 2004) . Interestingly, Lotze et al. (2009) reported diminished right STS activation in PD to dynamic gesture stimuli, which were presented together with the corresponding dynamic facial expressions. Since all but one patient in Lotze et al.'s sample exhibited lower dopamine transporter availability in the right basal ganglia, the study provides indirect evidence of a link between LPD and diminished right STS activation in the processing of socially relevant, dynamic visual stimuli.
Moreover, EEG activity in the VPP/N170 time window significantly correlates with activation in the right STS for upright faces, with higher ERP amplitudes related to stronger activation in this area (Nguyen & Cunnington, 2015 ; see also Sadeh et al., 2010 , for a similar result), while correlations of N170 amplitude with activity in other classical face processing regions (fusiform face area, occipital face area, and medial frontal gyrus) were not significant (Nguyen & Cunnington, 2015) . Therefore, diminished right STS activity could also provide a plausible explanation for our LPD data.
Our finding of a generalized face processing impairment in PD, potentially of structural nature, is also in line with previous studies on the link between basic visual processes and emotional face processing in PD. Narme et al. (2011) showed that PD patients are behaviorally impaired at detecting changes of face configurations, and detection performance was significantly correlated with emotion recognition.
Conversely, Marneweck and Hammond (2014) showed a significant correlation between visual form perception and facial emotion recognition in PD. While the methodology used in these studies was not suitable to reveal the exact time course of face processing impairments, the present data indicate that an early stage, at which basic features such as facial structure are encoded, is affected. Our results moreover show that it makes sense to divide the patient group according to the asymmetry of motor symptoms, since the subgroups may show distinct profiles of PD-related impairments. Accordingly, in other PD work measuring the ERP response to static faces, VPP latency was delayed for about 13 ms on average in PD, but this difference was not significant (Kida et al., 2007) . We argue that this may be due to heterogeneity among the PD sample (which is apparent in the standard deviations in Kida et al.'s study), because we could report significant VPP alterations only for the LPD group, but not for the RPD group. A few previous studies had already indicated that LPD patients may be more affected by visuospatial deficits than RPD patients, which presumably has to do with the role of the right hemisphere in visuospatial functions (Cronin-Golomb, 2010) . Particularly, mild hemispatial neglect in terms of a rightward visual bias has been repeatedly associated with LPD (Laudate et al., 2013; Lee et al., 2001) . In the present study, we used two test procedures to screen for hemispatial neglect in the participants, who all performed normally. Therefore, we would not consider hemispatial neglect a prime interpretation of our results, but since these symptoms tend to be very mild and hard to detect, we cannot fully discard this possibility either. In general, it is still unclear whether and how potential visuospatial impairments in LPD would relate to processing impairments for dynamic visual stimuli of social relevance. However, despite the differences between LPD and RPD patients, which were also confirmed in the present study, the RPD group's VPP amplitude was descriptively also smaller and peaked later than in healthy controls. Therefore, one may speculate that with further disease progression, which also goes along with increasing neurodegeneration in the non-dominantly affected right hemisphere, deficits in dynamic face processing could become evident in RPD.
Our result of impaired early face processing in LPD is unlikely explained by cognitive deficits in patients. First, the LPD group-in contrast to the RPD group-was not significantly different from healthy controls in any of the cognitive measures (see Table 1 ) or in the composite scores. Second, the only significant correlation was found between the executive functions composite score and VPP latency, but there were no significant correlations with VPP amplitude. Thus, the data fail to show a consistent association between cognitive status on the one hand, and the processing of dynamic facial expressions on the other. However, this pattern also indicates that even in the absence of cognitive decline in PD, deficits in the social domain may be present and make everyday interactions more difficult.
Our results may seem at odds with those of Wieser et al. (2012) on emotional face processing in PD, since these authors did not find any group differences during the first 200 ms of face processing.
However, one major difference between their study and ours is the distinction between LPD and RPD.
As argued before, using a unitary PD patient sample, group differences may be missed if they are only present in a subgroup. Moreover, Wieser et al. (2012) employed static photographs; hence the comparability between the two studies may be limited. We suggest that the dynamics inherent in our stimuli may be key to the face encoding deficits in LPD observed in the present study, based on the apparent dysfunction of the right STS and visual motion area (V5) in LPD (Lotze et al. 2009 ).
According to a set of studies in which PD patients were significantly impaired at recognizing vocal emotion while facial emotion recognition from static pictures was intact (Pell & Leonard, 2003; , the authors suggested that functional breakdowns in processing communicative stimuli could become evident especially in the case of dynamic information, due to the involvement of the basal ganglia in timing processes and their importance for decoding information that extends over temporal domains.
Conversely, LPD patients in our study performed well on the Benton Facial Recognition Test, thus-at least with respect to this specific test-static face processing was intact, contrary to other findings in PD (Cousins et a., 2000; Dewick et al., 1991; Haeske-Dewick et al., 1995) . Moreover, there was no significant correlation between performance in this test and VPP amplitude or latency. Therefore, it is not clear whether this test is a good indicator for the processing of dynamic facial expressions.
However, even though we consider the dynamic nature of our stimuli to be a key factor in the results we report here, there is some debate in the literature whether face-specific ERP components in the time range of VPP/N170 are affected by the dynamic nature of stimuli or not (for a positive result, see Puce et al., 2000; for a negative result, see Recio et al., 2011) . Future PD studies should directly compare ERPs in response to static versus dynamic emotional and non-emotional expressions. In general, it would be important to apply more dynamic facial expressions in research, due to their higher ecological validity and their frequent occurrence in real life.
From a methodological point of view it may seem interesting that the significant effects in our study were observed in the VPP, but not in the N170. As outlined in the introduction, these two face-sensitive components occur simultaneously in the ERP, and they are supposed to reflect the same underlying neural mechanisms (Joyce & Rossion, 2005) . However, their amplitudes vary with reference placement, and the mastoids reference used in the present study favors the VPP (Joyce & Rossion, 2005) , while N170 is maximal if an average reference is used (Joyce & Rossion, 2005; Rellecke et al., 2013) . Since average reference requires at least 32 scalp electrodes to be measured (Pivik et al., 1993 ),
we did not compute it in the present study. Thus, it is very likely that we observed significant effects in the VPP rather than in the N170 because of the mastoids reference we used.
It is also important to note that in the auditory ERPs no significant group differences emerged. These results are in line with data from a previous study (Garrido-Vásquez et al., 2013) , which showed that with the exception of disgust, vocal emotion processing is not impaired in LPD if pseudo-speech stimuli are presented instead of natural speech. The absence of differences between the LPD group and healthy controls both in the auditory task and during an initial processing stage (N1/P1) of dynamic facial expressions in the present study strengthens the interpretation of an impairment of face-specific processing in LPD.
Even though on the basis of our data we argue that LPD is associated with an emotion-independent deficit for basic mechanisms of face processing, probably of structural nature, we cannot discard the possibility that emotion-specific effects could be observed in the N1/P1 or VPP/N170 components if more emotional categories were included. In fact, the ERP literature reports early emotion effects in face perception at a very early point in time, namely in the time window of N1/P1 (e.g., Jetha et al., 2012; Luo et al., 2010) . Such early emotion effects may occur when stimuli are highly salient, as in the case of fear or anger expressions (Adolphs, 2002) . Fear was not included in the present study, and the anger stimuli we used were probably not salient enough to trigger such early neural modulations, considering that they were continuous and dynamic, while most ERP studies use static pictures of facial expressions. Normally static picture stimuli represent peak emotion and may therefore be perceived as more intense and salient compared to their dynamic counterparts. Regarding the VPP/N170 time window, a recent meta-analysis also reported evidence for a modulation of ERP amplitude by emotion (Hinojosa et al., 2015) . Future studies should extend the present findings by including more emotional categories, and by comparing the processing static and dynamic displays of emotion in PD directly.
Conclusion
The present ERP study on dynamic emotional face processing in PD revealed that LPD patients show emotion-independent impairments during the first 200 ms of processing dynamic faces, reflected in a temporally delayed and attenuated VPP component. These results are in line with the predominant role assigned to the right hemisphere in (dynamic) face processing and in the generation of the VPP/N170 ERP components. Furthermore, our study once more shows that a division of PD patients into subgroups is very useful to better describe heterogeneous disease profiles. Lastly, we would like to outline that deficits in the social domain should be taken more into account in PD and can be present despite intact cognitive functioning. ERPs in response to auditory pseudo-speech stimuli at one central electrode (CZ). The time windows in which N100 and P200 were analyzed are shaded in grey. 
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